Objective-To analyze antiretroviral drug susceptibility in HIV from recently infected adults in Rakai, Uganda, prior to the availability of antiretroviral drug treatment. (1998)(1999)(2000)(2001)(2002)(2003) were analyzed using the GeneSeq HIV and PhenoSense HIV assays (Monogram Biosciences, Inc., South San Francisco, California, USA).
Introduction
The purpose of this study was to obtain information about the antiretroviral drug susceptibility of HIV isolates from Rakai, collected prior to the widespread availability of antiretroviral treatment. In Uganda, most HIV infections are caused by HIV subtypes A and D, with some subtype C and intersubtype recombinant infections [1] [2] [3] . In 2000, subtype A and subtype D accounted for approximately 30 and 5%, respectively, of new HIV infections around the world [4] . In a previous study of antiretroviral drug-naive women from Kampala, Uganda, we found no major antiretroviral resistance mutations among 207 women (120 subtype A and 87 subtype D samples) [5] . However, genotypic studies may not provide a full picture of antiretroviral drug susceptibility. Nonsubtype B HIV frequently contains amino acid polymorphisms in HIV protease and reverse transcriptase at positions associated with drug resistance in subtype B, and different antiretroviral resistance mutations may emerge in different HIV subtype backgrounds (reviewed in [4, 6] ).
In this report, we analyzed antiretroviral drug susceptibility in HIV isolates collected at the time of HIV seroconversion from individuals in Rakai, Uganda using both genotypic and phenotypic assays.
Methods

Source of samples used for analysis
Serum samples were collected annually between 1998 and 2003 in a longitudinal study of HIV infection in Rakai, Uganda. For individuals with incident HIV infection, clinical and plasma samples were collected for laboratory assessment including HIV viral load and CD4 cell counts. For individuals who were initially seronegative, but became seropositive after approximately 1 year of follow-up, HIV infection was confirmed by two enzyme immunoassays with western blot confirmation. We identified 145 samples from participants collected at the time of seroconversion who had subtype A, subtype D, or intersubtype recombinant HIV, based on previous HIV subtyping using a multiple hybridization assay [6] , and had sufficient plasma for analysis.
HIV resistance testing
The GeneSeq HIV and PhenoSense HIV assays were performed at Monogram Biosciences, Inc. (South San Francisco, California; ordered as the PhenoSenseGT assay package) [7] . For both assays, the HIV pol region is amplified from a test sample and the amplified DNA is cloned into a test vector. In the GeneSeq HIV assay, vector pools are sequenced to determine the HIV genotype. In the PhenoSense HIV assay, recombinant virus generated from the vector pools is used to infect cells in the presence of varying concentrations of a drug. 
HIV subtyping
Pol region subtype was determined based on phylogenetic analysis of protease and reverse transcriptase sequences. Nucleotide sequences were compared with a set of reference sequences representing HIV-1 group M subtypes and circulating recombinant forms (CRFs) [9] , using the BLAST local similarity search algorithm [10] . Each subtype was represented by at least two reference sequences.
Informed consent
The Rakai study was approved by the institutional review boards at each of the participating institutions (Uganda Virus Research Institute, Walter Reed Army Institute of Research, and Johns Hopkins and Columbia Universities) and participants provided written informed consent. Human experimentation guidelines of the Department of Health and Human Services were followed in the conduct of this research.
GenBank Accession Numbers: FJ389051-FJ389154.
Results
We identified 145 samples from individuals in the Rakai cohort collected at the time of HIV seroconversion (see Methods). Previous analysis of HIV subtype in the gag, pol, vpu, env, and gp41 regions using a multiregion hybridization assay [6] identified these samples as subtype A (n = 37), subtype D (n = 61) or intersubtype recombinant (n = 47). HIV resistance testing (GeneSeq HIV and PhenoSense HIV assays) was successful for 104 (71.7%) of the 145 samples. Failure to obtain results for the remaining 41 samples most likely reflected the low volume of plasma available for testing (0.2 ml versus 3 ml typically requested). In these lowvolume samples, low viral load also contributed to assay failure; the 41 samples that failed testing had significantly lower viral loads than the 104 samples with test results (P = 0.003, Table 1 ). There were no significant differences in the age, gender, year of seroconversion/ sample collection, or CD4 cell count of individuals with vs. without resistance test results (Table 1) . Individuals who had samples collected closer to their last study visit with a negative HIV test result were more likely to have a resistance test result; however, this association was not statistically significant (P = 0.063, Table 1 ).
For each of the 104 samples with resistance test results, we determined the pol region subtype. The subtypes were: A (n = 26, includes subtypes A and A1), C (1), D (n = 66), A/D (n = 9), C/D (n = 1), and complex intersubtype recombinant (n = 1). Genotypic testing (GeneSeq HIV assay) was performed to identify mutations associated with reduced susceptibility to nucleoside reverse transcriptase inhibitors (NRTIs), nonnucleoside reverse transcriptase inhibitors (NNRTIs), and protease inhibitors. Seven of the 104 samples (6.7%) had a mutation associated with NRTI resistance (one mutation in each sample: M41L (n = 2), E44D (n = 3), V118V/I (n = 1), K219K/R (n = 1)), and one sample had a mutation associated with NNRTI resistance (E138A). However, none of these mutations was sufficient to predict reduced NRTI or NNRTI susceptibility in the GeneSeq HIV assay. The mutations M41L (detected in two subtype D samples) and K219K/R (detected in one subtype A1 sample) were the only mutations identified that are among those used for genotypic surveillance of transmitted NRTI drug resistance [11] . We did not detect any of the mutations used for genotypic surveillance of transmitted NNRTI drug resistance [11] . All of the 104 samples had at least one mutation detected in HIV protease associated with reduced protease inhibitor susceptibility (e.g. K20R, M36I). However, none of the 104 samples had a mutation pattern predictive of reduced protease inhibitor susceptibility, and only three samples had a mutation used for genotypic surveillance of transmitted protease inhibitor drug resistance [11] : one subtype A sample had I47V, one subtype D sample had F53L, and one subtype A1 sample had N88D. It should be noted that the presence of single mutations from the list used for genotypic surveillance of transmitted drug resistance is not expected to always be reflected by phenotypic changes [11] .
The PhenoSense HIV assay measures the susceptibility of HIV in the test sample to a panel of antiretroviral drugs. Ten (9.6%) of the 104 samples had evidence of reduced susceptibility to one or more antiretroviral drugs in the PhenoSense HIV assay (two subtype A and eight subtype D samples, Table 2 ), including one individual with partial susceptibility to didanosine (ddI), one individual with resistance to nevirapine (NVP), and eight individuals with resistance and/ or partial susceptibility to one or more of the protease inhibitors. Some of the samples with discordant resistance results (GeneSeq HIV = susceptible, susceptible, PhenoSense HIV = resistant or partially susceptible) had genotypic polymorphisms identified; complex interactions of these polymorphisms may have resulted in reduced drug susceptibility to NVP [12] and some of the protease inhibitors. We found no genotypic explanation for reduced phenotypic susceptibility to ddI, saquinavir/ritonavir, or tipranavir/ritonavir (see Table 2 ).
In the PhenoSense HIV assay, hypersusceptibility is defined as a fold change IC 50 less than 0.4 (indicating that replication of the test virus is inhibited by 50% at a drug level 2.5-fold or less compared with the reference strain). Hypersusceptibility to one or more antiretroviral drugs was detected in 53 (51.0%) of the 104 samples, including 19 
hypersusceptibility to the NRTI, zidovudine; 28 (26.9%) of the 104 individuals had hypersusceptibility to one or more of the NNRTIs; 34 (32.7%) of the 104 individuals had hypersusceptibility to one or more of the protease inhibitors. The proportion of individuals who had hypersusceptibility to the NNRTI, delavirdine (DLV), was significantly higher for subtype A than D (P <0.001, Table  3 ). In a previous study, subtype A samples were found to have a lower replication capacity than subtype D samples [13] . However, in our data set, there was no significant difference between the median replication capacity of samples with vs. without DLV hypersusceptibility for subtype A (median: 28.23 vs. 27.49, P = 0.526.) or subtype D (median: 37.99 vs. 71.96 P = 0.276).
We next analyzed the Rakai sequence set to see whether we could identify mutations associated with hypersusceptibility to any of the antiretroviral drugs. In subtype D, we found that EFV hypersusceptibility was associated with amino acid substitutions at codon 11 in HIV reverse transcriptase. Among the 66 subtype D samples, five of 12 samples with EFV hypersusceptibility had substitutions at codon 11 (3Q, 1T, and 1H); in contrast, only two of 54 samples without EFV hypersusceptibility had a substitution at codon 11 (1Q, 1N; P value = 0.001, Fisher Exact test). As this association was observed within a single subtype (D), it should not be influenced by subtype-based difference in compatibility with the resistance test vector. The association of EFV hypersusceptibility with codon 11 substitutions was also observed in a separate data set of 182 subtype D samples previously submitted to Monogram Biosciences for testing (unpublished data).
Discussion
Our results show that HIV genotyping may not provide a full picture of antiretroviral drug susceptibility in nonsubtype B HIV strains. In our sample set, none of the samples had genotypic evidence of antiretroviral drug resistance, even though 10 (9.6%) of the samples had reduced susceptibility to one or more antiretroviral drug in a phenotypic assay. In interpreting these results, one should note that the reduction in susceptibility was relatively low in all cases (IC 50 near the assay cutoff). In cases where lower and upper clinical cutoffs were available (reduced susceptibility to ddI, amprenavir, saquinavir, and tripranavir) the fold change IC 50 of the test sample was below the upper cutoff for the drug, indicating partial drug susceptibility. It is also important to recognize that the cutoffs used in the PhenoSense assay were derived from clinical outcome data from antiretroviral treatment studies in which most of the participants were likely to have subtype B HIV. It is not known whether different clinical cutoffs for drug susceptibility are needed to predict treatment response in individuals with nonsubtype B infection. Currently, there is little data to suggest that different HIV subtypes have inherently different susceptibilities to antiretroviral drugs. A few other studies have evaluated the phenotypic susceptibility of nonsubtype B isolates from antiretroviral-naive individuals; relatively few subtype A or D isolates were included in those studies [14] [15] [16] [17] . In most cases, nonsubtype B isolates were fully susceptible to NRTIs and NNRTIs. One report described a CRF01_AE isolate with reduced NNRTI susceptibility (associated with I135T) and two CRF02_AG isolates with reduced susceptibility to abacavir (associated with D123N plus I135V) [18] . In our study, one sample had reduced susceptibility to ddI and one sample had reduced susceptibility to NVP; both samples were subtype D. Nonsubtype B HIV frequently contains amino acid polymorphisms in HIV protease that are associated with protease inhibitor resistance in subtype B [4, 19] , and several studies have identified nonsubtype B isolates with reduced susceptibility to protease inhibitors (e.g. [17, 18, [20] [21] [22] [23] ). All of the samples analyzed in this report had polymorphisms in HIV protease that are typical of polymorphisms previously described in HIV isolates from Uganda [24] , and eight (7.7%) of the 104 samples had reduced protease inhibitor susceptibility (two subtype A and six subtype D samples). The polymorphisms in those samples explained the reduced susceptibility to some protease inhibitors, but did not explain the reduced susceptibility to saquinavir/ritonavir, or tipranavir/ritonavir.
Our study also found that 53 (51.0%) of the 104 samples from Rakai had hypersusceptibility to one or more antiretroviral drug; this included hypersusceptibility to ZDV and NNRTIs, in addition to protease inhibitors. Two previous studies identified nonsubtype B isolates with antiretroviral hypersusceptibility [21, 25] . In one study, CRF02_AG isolates were more susceptible to nelfinavir and ritonavir than other subtypes (associated with K70R in protease) [21] ; in the other study, subtype C isolates were hypersusceptible to lopinavir (associated with I93L) [25] . We are not aware of previous reports of hypersusceptibility to NRTIs or NNRTIs in nonsubtype B HIV. We recognize the possibility that hypersusceptibility of some nonsubtype B test samples may reflect incompatibility of the test sample with the subtype B PhenoSense resistance test vector; this incompatibility is not seen with subtype C test samples [13] . In our study, the proportion of samples that exhibited DLV hypersusceptibility was greater for subtype A than D. However, we found no association between DLV susceptibility and viral replication capacity in the absence of the drug. This makes it less likely that the observed difference between subtype A and D DLV hypersusceptibility was due to incompatibility of subtype A samples with the resistance test vector.
The reduced antiretroviral susceptibility and antiretroviral hypersusceptibility that we observed in HIV from some individuals from Rakai are likely to represent natural variations in antiretroviral susceptibility in these strains. However, it is possible that some individuals acquired HIV strains with reduced antiretroviral susceptibility from individuals who were exposed to antiretroviral drugs in other regions of Uganda or other countries, where antiretroviral were more widely available at the time of sample collection. We also note that single-dose NVP was introduced in Rakai for prevention of mother-to-child transmission (pMTCT) in 2000. Samples tested in this study were collected between 1998 and 2003. Use of single-dose NVP for pMTCT is associated with emergence of resistance in some women [26] . However, the resistant strains typically fade to low levels after delivery, and may only be detectable using tests designed to detect minority variants [27] . In this study, none of the 58 women tested had genotypic evidence of NVP resistance; virus from the one woman who did have HIV with reduced phenotypic susceptibility to NVP did not have any of the known NVP resistance mutations. With the rollout of antiretroviral drug treatment programs in Rakai and elsewhere in Uganda, it will be important to monitor antiretroviral drug resistance, both at treatment failure, and in the population over time. The findings in this report suggest that phenotypic resistance testing may complement HIV genotyping in this setting. Table 1 Characteristics of study participants. PhenoSense HIV and GeneSeq HIV results for samples with reduced antiretroviral drug susceptibility. V8V/I, V35K,  K49R, V60I, S68G,  Q102K, V118V/I,  I159V, C162S,  D177E, T200I,  Q207E, R211K,  V245T, D250E,  R277K, K281K/R,  L282C, T286A K13R, V35T,  K49R, V60I,  Q102K, K104R,  D121Y, K122E,  E138Q, D177E,  I180V, T200R,  Q207G, R211K,  V245K, E248D,  D250E, I257I/L,  A272S, R277K,  K281R, between the upper and lower cutoff). None of the samples had genotypic evidence of reduced drug susceptibility. Differences from the NL4-3 reference sequence are shown for reverse transcriptase (Table 2A , RT Mutations) and protease (Table 2B , Protease Mutations); mutations associated with reduced drug susceptibility are shown in bold.
Resistance test results
Resistance
a The values shown (fold-change IC 50 ) are above the lower cutoff for the unboosted drug, but are below the cutoff for the ritonavir-boosted (boosted/r) drug.
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Table 3
Hypersusceptibility of subtype A vs. subtype D strains. Test results are shown for samples with evidence of hypersusceptibility to antiretroviral drugs. NRTI, nucleoside reverse transcriptase inhibitor; NNRTI, non nucleoside reverse transcriptase inhibitor. Antiretroviral drug abbreviations are defined in the legend for 
